Polymorphonuclear neutrophils (PMNs) are attracted to sites of infection by N-formylpeptide (fMLP) chemoattractants. The high-affinity fMLP receptor (FPR1) of phagocytic cells interacts with bacterial fMLP and mediates chemotaxis, degranulation, and superoxide production. These cellular functions are disrupted in PMN from aggressive periodontitis (AP) patients. Two FPR1 gene single nucleotide polymorphisms (SNPs), c.329T4C and c.378C4G, have been associated with a localized form of AP in African-American patients. To evaluate the generality of these SNPs in AP patients, we sequenced a 363 bp interval of the FPR1 gene in an ethnically diverse group of patients (n ¼ 111) and controls (n ¼ 115). Neither c.329T4C nor c.378C4G were detected in the 452 alleles sequenced. Six SNPs were identified including two located in the FPR1 second extracellular loop that were significantly associated with the AP phenotype in African-American patients (p.R190W, P ¼ 0.0033; and p.N192K, P ¼ 0.0018). These two SNPs show three predominant haplotypes, each associated with a different disease risk in African-Americans. These data do not support the hypothesis that the FPR1 SNPs c.329T4C and c.378C4G play an etiologic role in aggressive periodontitis, but do suggest that SNPs in the second extracellular loop may be etiologically important.
Introduction
A number of cellular defects have been reported in polymorphonuclear neutrophils (PMNs) from patients with aggressive periodontitis (AP) including decreased chemotaxis, 1,2 altered superoxide production, 3, 4 decreased Ca 2+ mobilization 5 and decreased phagocytosis. 6 These altered properties of neutrophils are thought to account in part for the increased susceptibility of AP patients to infections by periodontal organisms. PMNs, the predominant host defense cells in the gingival sulcus, are attracted to sites of infection by a variety of specific substances, including a number of N-formylpeptides. The N-formylmethionyl-leucyl-phenylalanine peptides (fMLPs) are believed to derive from bacterial protein degradation and from mitochondrial proteins upon tissue damage. 7 Of the PMN anomalies reported in AP, the most frequent finding has been altered fMLP-mediated chemotaxis in African-American patients with the localized form of disease. 8, 9 The etiological basis for altered chemotaxis remains unknown, although both innate genetic and acquired anomalies have been proposed. 10, 11 Alterations of two codons, one in the second transmembrane domain (c.329T4C/p.F110S) and one in the second intracellular loop (c.378C4G/p.C126W) of the fMLP receptor, have been reported to be significantly associated with a localized form of AP in African American patients. 12 Gwinn et al 12 reported that the mutant variant of either one or both single nucleotide polymorphisms (SNPs) (c.329T4C and c.378C4G) are present in 29 of 30 African-American patients with a localized form of AP previously called localized juvenile periodontitis. 13 Neither of these disease-associated SNPs was found in any other periodontitis or control groups, suggesting a remarkable disease association. The aim of the current study was to evaluate the generality of this finding for an ethnically diverse group of AP patients with localized as well as generalized forms of the disease. Bioinformatic analyses were performed to ensure oligonucleotide primers used for the study were specific and amplified only the FPR1 gene. To evaluate SNPs in the FPR1 gene, we sequenced a 363 bp genomic region of the FPR1 gene from 226 individuals: 111 with AP and 115 ethnically matched controls. The region sequenced spanned the SNPs reported to be associated with localized juvenile periodontitis as well as five domains important in fMLP ligand binding and signal transduction. The analysis identified a total of six SNPs in this genetic interval. We did not identify a single case of the disease-associated SNPs reported by Gwinn et al 12 in any of the 452 chromosomes sequenced. Of the SNPs identified, three are non-synonymous and three are synonymous, including one novel SNP. Alleles of two of the non-synonymous SNPs at codons 190 and 192 in the second extracellular loop existed in three predominant haplotypes. Two of these haplotypes were found to be significantly associated with the localized form of AP in African-American patients (Po0.005).
Results
Localization and genomic structure of the FPR1 gene To ensure that the genomic sequences amplified in this study were specific for the FPR1 gene and did not amplify any of the two related genes, FPRL-1 or FPRL-2, we localized these three genes on chromosome 19 and identified intron-exon boundaries, permitting bioinformational comparison of the coding regions of the three genes. A contig was constructed using three overlapping BAC clones identified within the FPR gene cluster. All three genes are contained within an 84 000 bp region on 19q13.41 as shown in Figure 1 . The high-affinity FPR1 and low-affinity FPRL-1 loci, located within a 20 kb interval, were separated by 3240 bp in a tail-to-tail orientation. Sequence alignment of all available cDNAs and ESTs for the three genes with this BAC contig indicated the presence of two exons for each gene. [14] [15] [16] [17] Although reports that FPR1 and FPRL-1 have three exons were not verified by EST or cDNA data, FPR1 and FPRL-1 were each found to have a single exon ORF as previously reported. 16 The sizes of the exons and intron are given for FPR1 in Figure 1B . The oligonucleotide primers used for PCR amplification of the FPR1 gene are unique to this gene. Five single nucleotide polymorphisms were identified in exon 2 of the FPR1 gene among the genomic and cDNA clones available in GenBank. Recently, Sahagun-Ruiz et al 18 analyzed the FPR1 gene by direct sequencing (52 chromosomes) and PCR-RFLP analyses and identified three additional SNPs. The location and nucleotide variation of these eight SNPs are indicated in Figure 1C . Five of the eight SNPs identified within exon 2 (nucleotide #301, 348, 546, 568, and 576) of the FPR1 gene are located in the genetic interval sequenced for this study. The two SNPs at nucleotides 329 and 378, previously reported to be associated with a localized form of AP by Gwinn et al, 12 were not detected in any of the 111 AP patients (222 chromosomes) nor in any of the 115 controls (230 chromosomes). We did not detect any variation in these two nucleotide locations among any of the 226 individuals tested.
Allele frequencies of the FPR1 gene SNPs
The allele frequencies of the six SNPs identified by sequence analysis of the FPR1 gene are summarized in Table 2 . The allele frequencies of these six SNPs were relatively comparable in the three control groups except for the c.348T4C/p.I116I, in which the T allele was much more common in the AA group (0.33) as compared to the BZ (0.06) and TK (0.02) groups. Genotype frequencies for all six SNPs were consistent with Hardy-Weinberg equilibrium.
Association of the SNPs in FPR1 gene with AP
The significance of association between each of the three synonymous SNPs (c.306T4C/p.F102F, c.348T4C/ p.I116I, and c.546C4A/p.P182P) and case/control status was determined by Fisher's exact test (Table 3) . A moderately significant case/control difference was found for the c.306T4C SNP in the Turkish group, with the cases showing an increase in the c.306C allele (P ¼ 0.0139). A moderately significant case/control difference was found for the c.348T4C SNP in the Brazilian group (P ¼ 0.0158).
Fisher's exact tests for the association between each of the three non-synonymous SNPs and case/control status are shown in Table 4 . For SNP c.301G4C/ p.V101L, there was no statistically significant difference between cases and controls for any of the ethnic groups tested. In contrast, at amino acid 190 a significant association of the homozygous Arg phenotype was found with the AP phenotype in the AA population (P ¼ 0.0033, Table 4 ). This association was not significant in the BZ and TK study populations. In addition, the association of SNPs coding for Lys at residue 192 (in either the homozygous or heterozygous state) was significantly associated with AP in African-Americans,
We further investigated the two non-synonymous SNPs showing significant associations with disease in African-Americans by analyzing haplotypes. There are four haplotypes present (of a possible six), with the frequencies relatively similar among the three populations. The haplotypes are AT (Arg and Asn), AC (Arg and Asn), AG (Arg and Lys) and TC (Trp and Asn). The AC haplotype is rare in all the populations, and we grouped it with the AT haplotype in our analysis (Table  5) . Because the T in the first position (c.568) only appears with one of the second-position (c.576) alleles (C), the two polymorphisms are in complete linkage disequilibrium, as would be expected for two loci so close together. We tested association between disease and haplotype in each ethnic group using a w 2 test (Table 5 ). As would be expected based on the single-locus analyses, the haplotype association is statistically significant in the African-Americans (P ¼ 0.0002) and Table 5 also shows, however, is that the two single-locus associations are not just replicates of the same result due to correlation between the loci. In fact, the three protein configurations have distinct disease risks. The Arg and Lys form of the protein has the highest risk, the Arg & Asn form has the middle risk, and the Trp and Asn form has the lowest risk.
Discussion
PMNs play a pivotal role in host inflammatory response to periodontopathic microbial infections, and are believed to be determinants of periodontitis susceptibility.
A number of functional anomalies of PMN have been reported in individuals with AP, leading to suggestions that an innate cellular defect(s) may be etiologically important in disease susceptibility. 11 Genetic studies evaluating the inheritance pattern of AP in AfricanAmerican and Caucasian populations are parsimonious with a genetic basis for susceptibility, consistent with an innate etiologic component of susceptibility. 19 Defective PMN formyl peptide receptor(s) offer a plausible explanation for several of the cellular and functional defects reported in AP patients. 11, 20, 21 At least three fMLP-receptor genes have been localized to chromosome 19, and ligand-binding studies have 23 In vitro studies demonstrate that mutating amino acids from FPR1 ligandbinding domains may influence FPR1 function. 24 The report by Gwinn et al 12 that two SNP mutations in the high-affinity fMLP-receptor, FPR1, were significantly associated with a clinically localized form of AP in African-Americans suggested a possible genetic basis for the disease. Two missense mutations, p.F110S and p.C126W, were reported in the homozygous state in 29 of 30 patients, but were not found in any other individuals including healthy controls and individuals with adult, chronic forms of periodontitis. 12 While the disease association with these SNPs appears compelling, the homozygous presence of these SNPs in AP patients is not consistent with the autosomal dominant mode of transmission reported for AP. 19 Although these findings are not consistent with these SNPs being the loci of major effect for AP, they could represent modifying loci. Homozygozity of 29 out of 30 AP patients for one or both disease-associated SNP implies inheritance from both parents, the presence of these SNPs in clinically unaffected individuals, and suggests these SNPs occur in the population. The fact that neither p.F110S nor p.C126W were detected in the 452 chromosomes sequenced in the current study was therefore surprising.
In vitro experiments with the FPR1 constructs mutated at p.F110S and p.C126W demonstrated complete and almost complete loss of G i protein coupling in FPR1-C126W and FPR-F110S, respectively. 25 The authors note that the discrete LJP clinical phenotype contrasts with the severe functional defect for FPR1-F110S and FPR1-C126W. They conclude loss of function in host FPR1 must be readily compensated. This conclusion assumes that the FPR-F110S and FPR-C126W mutations occur and are associated with LJP. The lack of identification of a single FPR-F110S or FPR-C126W SNP in any of the more than 250 individuals (500 chromosomes) tested to date (current study and Sahagun-Ruiz et al 25 ) suggests that these SNPs are rare, if they occur. It is possible that these results are due to population stratification in the AfricanAmerican populations tested. Given the significant defect associated with these SNPs, and the implications for FPR1 redundancy in the host defense, the existence of Results of the current study extend the total number of SNPs identified in the FPR1 gene to nine (Figure 1 ). The SNPs identified by our sequence analyses consisted of three synonymous SNPs and three non-synonymous SNPs. Marginally significant case/control differences were found for two synonymous SNPs. An increase in the c.306C allele of the c.306T4C SNP was found in Turkish AP patients versus controls (17% versus 4%, P ¼ 0.0139). A significant case/control difference was also found for the c.348T4C SNP in the Brazilian group, with the cases showing an increase in the c.348T allele, 18% versus 6% in controls (P ¼ 0.0158). The clinical significance, if any, of these findings is unknown, and the association was not studied further because no amino acid changes resulted from these SNP variants. The difference for SNP c.348T4C between cases and controls in the Brazilian population could reflect ethnic diversity. The c.348T4C allele frequencies in the Brazilian control group were between those values found for AfricanAmerican and Turkish control groups.
Of the three SNPs that code for amino acid changes, the c.301G4C/p.V101L change found in the second transmembrane domain would not be expected to change the resultant protein dramatically, as both valine and leucine are small, neutral amino acids. In contrast, the results of our analysis found that the non-synonymous SNPs, c.568A4T/p.R190W and c.C576T4C4G/ p.N192K, are significantly associated with AfricanAmerican localized AP cases (P ¼ 0.0033 and 0.0018, respectively). Amino acids 190 and 192 are localized to the second extracellular loop of FPR1 and, in both cases, the amino acid changes are significant (Table 1) . At amino acid 190, Arg4Trp represents a change from a basic hydrophilic amino acid to an aromatic hydrophilic amino acid. Similarly, at codon 192, Asn4Lys represents a change from hydrophilic amide to a basic hydrophilic amino acid. Since the extracellular domain is associated with ligand-binding, it is possible that the amino acid variation in these two positions alters the ligand-binding specificity and/or binding affinity. 23 The Arg at residue 190 is well conserved among Homo sapiens, Pan trolodytes, Pongo pygmacus, and Gorilla gorilla, suggesting an important functional role for this residue. 18 Interestingly, the amino acid change at position 192 to Lys corresponds to the amino acid at this position in FPRL-1 which has a lower affinity to fMLP compared to FPR1 (Figure 3) . Chimeric receptors of FPR1 with the second extracellular loop of FPRL-1 exhibited decreased ligand-binding affinity. 23 Identification of high-and low-affinity binding isoforms of fMLP-receptors suggests a plausible innate FPR1 250 agg aag gcc atg gga gga cat tgg cct ttc ggc tgg ttc ctg tgc aaa 84
ttc gtc ttt acc ata gtg gac atc aac ttg ttc gga agt gtc ttc ctg 100 
gtg act aca gta cct ggt aaa acg ggg aca gta gcc tgc act ttt aac 164
ttt tcg ccc tgg acc aac gac cct aaa gag agg ata aat gtg gcc gtt 180
T * * * A * * * * * Figure 3 Comparison alignments of DNA sequences and corresponding amino acids for FPR1 and FPRL-1 between nucleotides # 250 and # 615. In the FPRL-1 gene, the DNA and amino acids identical to that of FPR1 are indicated by a hyphen and a * symbol, respectively. The six SNPs analyzed in this study are boxed. The numbering for DNA sequences is based on the A in the start codon ATG being # 1. The amino acid number is based on the starting Met as # 1.
N-formylpeptide receptor (FPR1) SNPs Y Zhang et al mechanism that could be a determinant in disease susceptibility. 16, 22 Our findings that p.R190W and p.N192K occur on three haplotypes are consistent with recent findings that FPR1 SNPs are linked in common haplotypes. 18 The differential disease risks shown by the three protein configurations are not simply due to correlation between the two loci in linkage disequilibrium.
The association of SNPs coding for Arg and Lys at residues 190 and 192 of the FPR1 gene with aggressive periodontitis in the African-American population needs to be independently verified. If these SNP disease associations are confirmed, in vitro analysis of these two amino acid alterations will provide insight into their functional significance in FPR biology.
Materials and methods
Clinical ascertainment of study participants Individuals with AP and ethnically matched controls were identified from periodontal clinics at the Goldman School of Dentistry, Boston University, The University of Taubate, and the University of Istanbul. All study participants signed informed consent approved by Institutional Review boards at each respective institution. Individuals were classified as having localized or generalized AP, based upon clinical findings (periodontal probing depth, loss of clinical attachment, and periapical radiographs) and diagnostic criteria presented at the World Workshop of Periodontology 1999.
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A total of 111 African-American (AA), Brazilian (BZ), and Turkish (TK) AP patients were evaluated in this study. As control, 115 periodontally healthy individuals with matched ethnic background were also evaluated. The total numbers of the patients and control (patients/ control) samples from each study population were 38/ 23, 25/52, and 48/40 for African-American, Brazilian, and Turkish, respectively.
DNA purification
This study was conducted under the approval of the Institutional Review Board for Human Subjects at the University of Pittsburgh and Wake Forest University. Peripheral blood was obtained by standard venepuncture from affected and control individuals. All healthy volunteers gave consent for the study. Genomic DNA was purified from whole blood using the QiaAmp blood DNA purification kit according to the manufacturer's instructions (Qiagen, Valencia, CA, USA).
Bioinformational analysis of the FPR1 gene cluster Due to differing reports regarding the structure of the FPR genes, bioinformatic analyses were performed to clarify their chromosomal localization and genomic structure. The relative position and localization of the three fMLP-receptor genes (FPR1, FPRL-1, and FPRL-2) on chromosome 19 was determined computationally. Using bioinformational data publicly available (GEN-BANK and UCSC Human Genome Working Draft) and techniques developed in our laboratory, the genomic sequence which contains the FPR gene cluster was determined (AC018755). 26 This sequence was then used to obtain further genomic sequence and for the determination of the 5 0 and 3 0 regions for each of the three genes (using the non-redundant and the est-human databases). The sequence that was obtained was aligned using Sequencher 4.01 (GeneCodes Corporation, Ann Arbor, MI, USA). Analysis of the non-redundant sequence, the EST sequence, and the genomic sequence permitted identification of the intron-exon organization of these genes.
Amplification of the FPR1 gene A 583 bp fragment between nucleotides 201-784 of FPR1 gene was amplified from genomic DNA using PCR with primer set FMLP 2F 5 0 -GGCCGTGGCTGACTTCTG-3 0 and FMLP 2R 5-GGGCCACCACCTGATATG-3 0 . 12 PCR were performed using B100 ng of genomic DNA in 50 ml of 50 mm Tris-HCl pH 8.0, 50 mm KCl, 200 mm of each primer, 1.5 mm MgCl 2 , 2 mm dNTPs, and 1 unit of Taq DNA polymerase. The DNA was first denatured for 5 min at 951C followed by 35 cycles of 941C 30 s, 571C 30 s, 721C 1 min. A 10 min extension at 721C was performed at the end of the PCR cycling.
DNA sequence analysis DNA sequencing was performed using BigDye chemistry and ABI 3700 DNA analyzer as described previously. 27 Sequence alignment was performed against the genomic sequence of FPR1 in GENBANK (Accession #4503778) using Sequencher 4.01. Each sequence chromatogram was manually examined to identify the presence of nucleotide polymorphisms.
Statistical analysis
We tested associations between disease status and genotype using w 2 and Fisher's exact tests, as implemented in StatView 5.0.1. This was done separately for each of the three ethnic groups. Haplotypes were scored by hand (there were essentially no compound heterozygotes in the sample). Genotype frequencies expected under Hardy-Weinberg equilibrium were calculated using Excel.
